Various effects of acorn extract have been reported including antioxidant activity, cytotoxicity against cancer cells, and the levels of acetylcholine and its related enzyme activities in the dementia mouse models. However, it is unclear whether acorn extract inhibits glutamate-induced calcium signaling in hippocampal neurons. This study was an investigation into the effect of acorn extract on intracellular free Ca ] i ) can also be elevated by the release of Ca 2+ from IP 3 -sensitive intracellular stores through the metabotrophic glutamate receptor-induced activation of phospholipase C (PLC). Ca 2+ plays a role as an intracellular messenger and a key regulatory factor for a large number of cellular processes such as muscle contraction, metabolism, secretion or even cell differentiation and apoptosis.
Glutamate binds to ligand-gated non-N-methyl-d-aspartate (NMDA) receptors and opens membrane channels that are permeable mainly to Na + , leading to membrane depolarization in neurons. This depolarization releases the Mg 2+ block in the pores of NMDA receptors and activates voltage-gated Ca 2+ channels, which induces Ca 2+ influx. The cytosolic Ca 2+ concentration ([Ca 2+ ] i ) can also be elevated by the release of Ca 2+ from IP 3 -sensitive intracellular stores through the metabotrophic glutamate receptor-induced activation of phospholipase C (PLC). Ca 2+ plays a role as an intracellular messenger and a key regulatory factor for a large number of cellular processes such as muscle contraction, metabolism, secretion or even cell differentiation and apoptosis. 1) In pathological conditions such as epilepsy and brain ischemia, there is a massive release of glutamate, leading to glutamate neurotoxicity through multiple pathways including massive Ca 2+ overloads. [2] [3] [4] [5] Phenolic compounds, which are widely distributed in plants, have an antioxidant effects. 6) In addition, phenolic compounds reportedly affect functions of various ion channels such as K + channels, 7) Na + channels, 8) and Ca 2+ channels. 9) Phenolic compounds have the ability to produce a glutamate-induced [Ca 2+ ] i increase in cultured rat hippocampal neurons. 10, 11) Phenolic compounds supposedly attenuate β-amyloid-induced neurotoxicity 12, 13) and cerebral ischemia-induced neuronal death. 14) The acorn, Quercus acutissima Carrutthers, is the nut of the oaks and their close relatives. Acorn extract contains phenolic compounds, which are hydrolysable tannins that contain gallic acid, digallic acid and gallotannin. 15) In previous reports, the acorn extract has shown antioxidant effects, [15] [16] [17] affected lipid metabolism, 18) shown anti-bacterial effects, 19) and affected the levels of acetylcholine and its related enzyme activities in the brains of dementia mouse models. 20) Gallic acid is one of the main antioxidants in acorn extract, and reportedly prevents amyloid beta (Aβ) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) -induced apoptotic neuronal death by interfering with [Ca 2+ ] i increases in rat cortical neurons. 21) However, there are no reports on the effect of acorn extract against glutamate-induced Ca 2+ signaling in cultured rat hippocampal neurons.
In the present study, we found that acorn extract inhibits synaptically induced [Ca 2+ ] i spikes through multiple pathways such as ionotropic glutamate receptors, voltage-gated Ca 2+ channels, and metabotropic glutamate receptors in cultured rat hippocampal neurons.
MATeRIALS AND MeTHoDS
Materials Fura-2 acetoxymethyl ester (AM) was purchased from Molecular Probes (eugene, oR, U.S.A.). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS, heat-inactivated), and horse serum (HS, heat inactivated) were purchased Invitrogen, Carlsbad, CA, U.S.A.).
N-Methyl-d-aspartate (NMDA), (S)-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), (S)-3,5-dihydroxyphenylglycine (DHPG) and all other reagents were purchased from Sigma (St. Louis, Mo, U.S.A.). Acorn extract was obtained from the Rural Development Administration.
Preparation of Acorn Extract Quercus acutissima Carruth. were collected in Korea and washed thoroughly in tap water and distilled water, shade-dried and powdered. Acorn extract was extracted twice using 80% ethanol. The extracts were centrifuged at 1500 rpm for 30 min, and the supernatants were pooled, evaporated, filtered through 10-µm pore-sized filter and then lyophilized, with a yield of 14.4% in mass. The powdered extract (named Aex) was stored at −70°C until use. The acorn extract contains neutral sugar (39% in mass) by the phenol-sulfuric acid method, uronic acid (4.28%) by the carbazole reaction method and phenolic compounds (5.43%) by the Folin-Ciocalteu's reagent method. 22) The acorn extract contained the gallic acid (0.27% in mass) measured by high-performance liquid chromatography/tandem mass spectrometry.
23)
Cell Culture Rat hippocampal neurons were grown in primary culture as previously described. 24) Forty eight maternal Sprague-Dawley rats were used and fetuses were removed on embryonic day 18. All procedures of animal research were provided in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals and the Guidelines and Policies for Rodent experiment provided by the Institutional Animal Care and Use Committee (IACUC) in College of Medicine, The Catholic University of Korea (Approval number: CUMC-2010-0158-04).
Hippocampi were dissected and placed in Ca 2+ and Mg 2+ -free HANK's balanced salt solution, pH 7.4. Cells were dissociated by trituration through a 5 mL pipette and then through a flame-narrowed Pasteur pipette. Cells were pelleted and resuspended in DMeM without glutamine and supplemented with 10% FBS and penicillin-streptomycin (100 U/mL and 100 µg/mL). Dissociated cells were plated at a density of 20000-30000 cells/wells on cover slips that were coated with poly-d-lysine (0.1 mg/mL) in 6-well (diameter: 35 mm) plates. The cells were grown in a humidified atmosphere of 10% Co 2 /90% air at 37°C and used in experiments after 10 d.
Digital Calcium Imaging To measure [Ca 2+ ] i , hippocampal neurons were loaded for 45 min at 37°C in 10 µm fura-2 ] i increases (0 µg/mL, n=23; 1 µg/mL, n=19; 10 µg/mL, n=17; 100 µg/mL, n=16; 1 mg/mL, n=17). Glutamate-induced response is presented as a ratio of the 2nd glutamate-induced maximal [Ca 2+ ] i response (peak 2) vs. the initial glutamate-induced maximal response (peak 1) for in an acorn extract-pretreated and non-pretreated cells. Data are expressed as the mean±S.e.M. AM in N- (2-hydroxyethyl) 3 , and 5.6 mm glucose) containing 0.5% bovine serum albumin. The cover glass was then mounted in a flow-through chamber. Digital calcium imaging was performed as described by Rhie et al. 25) The chamber containing the fura-2 loaded cells was mounted on the stage of an inverted microscope (Nikon Te300, Tokyo, Japan), and alternately excited at 340/20 or 380/20 nm by rapidly switching optical filters (10 nm band pass) mounted on a computer-controlled wheel (Lambda DG-4, Sutter Instruments, Novato, CA, U.S.A.), which was placed between a 100 W Xe arc lamp and the epifluorescence port of the microscope. Excitation light reflected from a dichroic mirror (400 nm for fura-2) through a 20X objective (Nikon; band-pass) was collected with a cooled chargecoupled device camera cascade 512B (512×512 binned to 256×256 pixels, Photometrics, Tucson, AZ, U.S.A.) controlled by a computer. Image pairs were collected every 3-60 s using an Axon Imaging Work Bench 6.0 (INDeC BioSystems, Santa Clara, CA, U.S.A.); exposure to excitation light was 120 ms per image. A ratio of 340 nm/380 nm was calculated from the 2 background-subtracted digital images.
Recording of [Ca

2+
] i Spikes Using Fura-2-Based Photometry [Ca 2+ ] i spikes were determined using fura-2-based microfluorimetry. 24) Cells were loaded and placed by the same methods described in the calcium imaging study. The bath was mounted on an inverted microscope (Nikon S-100F, Nikon, Tokyo, Japan), and the cells were superfused with HHSS at a rate of 1.5 mL/min for 15 min before starting the experiment. Analysis and Statistics Data are expressed as means± S.E.M. The significance of differences between means was determined with Student's t-test or one-way ANoVA followed by a Bonferroni's test. The IC 50 of acorn extract was calculated using a nonlinear least-squares fit of the Hill equation to the concentration-response data (origin 7.0; Microcal Software, Northampton, MA, U.S.A.).
ReSULTS
We examined whether pretreatment with acorn extract would inhibit glutamate-induced [Ca 2+ ] i increases in cultured rat hippocampal neurons using digital calcium imaging ( ] i response in a time-dependent manner (peak 2/peak 1= 92.4± 9.4%, n=13 at 20 min; 78.5± 4.2%, n=17 at 30 min). However, pretreatment with acorn extract (10 µg/mL) for a longer time 40 min did not further inhibit the glutamate-induced response (peak 2/ peak 1= 70.9± 5.3%, n=15). Therefore, we used an exposure time of 30 min to investigate the inhibitory mechanisms of a glutamate-induced response. Pretreatment with acorn extract (1 µg/mL) for 30 min did not affect the glutamate-induced [Ca 2+ ] i response (peak 2/peak 1= 108.2± 3.2%, n=19) (Figs. 1B, F). Pretreatment with higher concentrations of acorn extract (10 µg/mL-1 mg/mL) for 30 min inhibited a glutamateinduced [Ca 2+ ] i response in a concentration-dependent manner (peak 2/peak 1= 78.5± 4.2% at 10 µg/mL, n=17; 32.3± 4.6% at 100 µg/mL, n=16; 6.2± 2.0% at 1 mg/mL, n=17) (Figs. 1C-F) . The value of IC 50 was 46.9 µg/mL. In addition, treatment with acorn extract (1, 10 µg/mL) for 30 min did not significantly affect the basal level of [Ca 2+ ] i (before treatment/after treatment= 100.1± 0.0% at 0 µg/mL, n=23; 100.1± 0.1% at 1 µg/mL, n=19; 102.4± 1.0% at 10 µg/mL, n=17) (Figs. 1A-C) . However, treatment with higher concentrations of acorn extract (100 µg/mL, 1 mg/mL) for 30 min increased the basal level (before treatment/after treatment= 111.3± 2.5% at 100 µg/mL, n=16; 297.2± 8.3% at 1 mg/mL, n=17) (Figs. 1D, e) . Therefore, ] i response. The amplitude of the glutamate-induced response is presented as a percentage of the initial control (peak 2/peak 1) for thapsigargin-treated (control, n=16), and (peak 3/peak 1) thapsigargin plus acorn extract-treated (acorn, n=21) cells. Data are expressed as the means±S.e.M. ** p<0.01 relative to respective control (unpaired Student's t-test).
we used a 50 µg/mL concentration of acorn extract to investigate the inhibitory mechanisms of a glutamate-induced [Ca 2+ ] i increase.
Glutamate induces Ca 2+ influx from the extracellular space or releases Ca 2+ from intracellular stores in neurons. We first tested whether acorn extract would affect a glutamate-induced [Ca 2+ ] i increase through Ca 2+ influx from the extracellular space using the eR Ca 2+ -ATPase antagonist thapsigargin (Fig.  2) . The glutamate-induced [Ca ] i increases in the thapsigargin-treated neurons (peak 3/peak 1= 28.7± 6.9%, n=21) (Figs. 2B, C) . After washing the acorn extract, the glutamate-induced responses (peak 4) were not recovered. These results show that acorn extract inhibits Ca 2+ influx from extracellular spaces. In order to determine how acorn extract inhibits glutamateinduced Ca 2+ influx, we examined whether acorn extract inhibits one form of ionotropic glutamate receptor agonist, AMPA-induced [Ca 2+ ] i increase (Fig. 3) (Fig. 4) . After washing the acorn extract, the AMPA -induced responses were partially ] i response (peak 2/peak 1= 12.5± 4.4%, n=16, p<0.01). After washing the acorn extract, the DHPG -induced responses were not recovered (Fig. 6) .
In cultured rat hippocampal neurons, the reduction of ] i spikes in cultured rat hippocampal neurons, driven by glutamatergic synaptic transmission. 28, 29) We further determined the effects of acorn extract on synaptic transmission by determining whether acorn extract affects the synaptically mediated Ca ] i responses (control/control= 89.4± 3.1%, n=8; acorn extract/control= 12.7± 1.6%, n=8) (Figs. 7A-C) .
DISCUSSIoN
The present study clearly showed that acorn extract inhibits glutamate-induced [Ca ] i spikes are driven by glutamatergic synaptic transmission through multiple presynaptic or postsynaptic pathways. 28, 29) In the present study, acorn extract ] i responses. Apigenin has been reported to inhibit GABA-activated Cl -current through binding to benzodiazepine site. 32) Genistein blocks voltage-gated Na + channels through a direct binding the channels.
33) (−)-epigallocatechin-3-gallate also inhibits rKv1.5 channels. 7) These reports suggest a possibility that acorn extract inhibits glutamate-induced Ca 2+ signaling through a direct binding to multiple ligand-gated ion channels and voltage-gated Ca 2+ channels. In addition, polyphenols have been reported to interact with the membrane lipid bilayer to exert their biological functions.
34) The membrane lipid can affect ion channel structure and function. 35 ) Therefore, we cannot rule out another possibility that acorn extract inhibit glutamate-induced Ca 2+ signaling through interacting with membrane lipid bilayer and indirectly inhibiting the multiple ion channels. However, we have no information on how acorn extract might exert its inhibitory effects on channels at molecular level either in this study. Simple phenolic compound ocytl gallate and flavonoids has been reported to affect Ca 2+ fluxes in rat pituitary GH4C1 cells. 36) Gallic acid, which is a main antioxidant in the acorn extract, 15) has been reported to inhibit Aβ(25-35)-induced [Ca 2+ ] i increases in rat cortical neurons. 21) In addition, octyl gallate reportedly inhibits Ca 2+ signaling in PC 12 cells through multiple pathways including voltage-gated Ca 2+ channel and Ca 2+ -permeable-ligand-ion channels. 37) Contents of phenolic compounds and gallic acid in the acorn extract used in this study were 5.43% 22) and 0.27%, 23) respectively. Although the biological efficacy of the acorn extract used in the present study has been studied previously in rat, 22) there is only one report that one of phenolic compounds gallic acid (up to 50 ng/mL) is present in blood after oral intake of acorn extract in humans. 23) However the bioavailability data of other phenolic components in the acorn extract remains unknown. In our study, after washing the acorn extract, the agonist-induced responses were not recovered or partially recovered. Since the resistance of a polyphenol to washout suggests that membrane partitioning and subsequent binding to ion channels may contribute to the efficacy of the polyphenol even at lower plasma concentrations through higher accumulation in the local tissue. 8, 38) In addition, treatment with acorn extract for long 30 min effectively inhibited the glutamate-induced [Ca 2+ ] i signaling, whereas the treatment with acorn extract for 10 min or 20 min did not. Since the depth of membrane penetration by flavonoids depends on their structure, 34) the components in acorn extract form a structure which makes it difficult to penetrate the cell membrane and binds to channel proteins.
Acorn extract is known to affect the antioxidative enzyme systems of rats fed high-fat diets. 16, 18) Quercus aliena acorn extract has shown hepatoprotective effects against CCl4-induced liver through free-radical scavenging action. 17) Gallic acid has prevented Aβ(25-35)-induced apoptotic neuronal death by interfering with [Ca 2+ ] i increases in rat cortical neurons. 21) Massive release of glutamate induces [Ca 2+ ] i increases after acute brain injuries such as epilepsy and brain ischemia, which initiate many cellular processes including RoS formation. All these results suggest the possibility that acorn extract can be used as a supplement against glutamate excitotoxicity-related neurologic disorders including epilepsy and ischemia. However, since too high concentration of acorn extract increased the basal level of [Ca 2+ ] i , acorn extract can also induce toxic effects on neuronal cells.
